Pleurotus ostreatus is a white rot basidiomycete that produces several extracellular laccase isoenzymes, including phenol oxidase A1b (POXA1b), POXA2, and POXC. POXC was the most abundant isoenzyme produced under all of the growth conditions examined in this study. Copper was the most efficient inducer of laccase activity among the putative inducers tested. The amounts of all of the previously described laccase isoenzymes increased substantially in copper-supplemented cultures. Under these conditions expression of POX isoenzymes was regulated at the level of gene transcription. It is worth noting that poxa1b mRNA was the most abundant induced transcript at all of the growth times analyzed, and the amount of this mRNA increased until day 7. The discrepancy between the poxa1b transcript and protein amounts can be explained by the presence of a high level of the protein in P. ostreatus cellular extract, which indicated that the POXA1b isoenzyme could be inefficiently secreted and/or that its physiological activity could occur inside the cell or on the cell wall. Moreover, the POXA1b isoenzyme behaved uniquely, as its activity was maximal on the second day of growth and then decreased. An analysis performed with protease inhibitors revealed that the loss of extracellular POXA1b activity could have been due to the presence of specific proteases secreted into the copper-containing culture medium that affected the extracellular POXA1b isoenzyme.
White rot fungi produce various isoforms of extracellular oxidases and peroxidases, which are involved in the degradation of lignin in their natural environments. These enzymes are nonspecific and consequently oxidize a broad spectrum of structurally different substrates, such as highly toxic phenolic compounds and azo dyes (9, 20) .
Laccase (p-diphenol:dioxygen oxidoreductase; EC 1.10.3.2) belongs to the group of blue copper oxidases which use oxygen as an electron acceptor to remove hydrogen radicals from phenolic hydroxyl groups (19, 24) . The free radicals formed can undergo rearrangements that lead to alkyl-aryl cleavage, oxidation of benzyl alcohols, and cleavage of side chains and aromatic rings (1) . In the presence of appropriate redox mediators, laccases can also oxidize nonphenolic substrates (2) .
It has been reported that several fungi have more than one laccase-encoding gene. Four different cDNA sequences have been found in Rhizoctonia solani (25) , up to five laccase genes have been found in Trametes villosa (26, 27) , three genomic sequences have been found in the basidiomycete I-62 (14) and Pleurotus ostreatus (6) (7) (8) , and two genes have been found in Agaricus bisporus (22) . Thus, the biochemical diversity of laccase isoenzymes appears to be due to the multiplicity of laccase genes. Moreover, regulation of the expression of these genes is substantially different in different species.
P. ostreatus is a white rot basidiomycete that produces several laccase isoenzymes, and phenol oxidase C (POXC) is the most abundant isoenzyme produced under all of the growth conditions that have been examined (6, 16) . Three other isoenzymes which are secreted by this fungus have also been purified and characterized; these isoenzymes are POXA1w, POXA2, and POXA1b (8, 16) . POXA1w exhibits peculiar differences with regard to its metal content. In fact, this enzyme contains two zinc atoms per molecule, one iron atom per molecule, and only one copper atom per molecule (16) . Addition of CuSO 4 to culture broth results in a substantial increase in the total laccase activity and production of the POXA1b isoenzyme, while POXA1w is almost unaffected when copper is added (8) . The main structural characteristics of POXA1b are very similar to those of POXA1w, but POXA1b produces the classical laccase UV-visible light spectrum and contains the four characteristic copper atoms per molecule (8) . Both POXA1w and POXA1b are much more stable than the other two P. ostreatus laccases that have been characterized, POXA2 and POXC (8) .
Three genes which encode laccase isoenzymes in P. ostreatus have been identified so far; these genes are poxc (previously pox2), pox1 (which codes for a laccase isoenzyme that has not been identified yet), and poxa1b (6) (7) (8) .
Differential regulation of ligninolytic-enzyme-encoding genes in response to culture conditions has been documented previously (3, 14, 26, 27) . In the genus Pleurotus, Leonowicz and Trojanowski (12) studied the effect of ferulic acid as an inducer of a specific laccase isoenzyme in P. ostreatus. Moreover, Muñoz et al. (15) demonstrated that a laccase isoenzyme was induced by wheat straw alkalilignin and vanillic and veratric acids in Pleurotus eryngii. In this paper we describe the effect of copper, the most efficient of the putative inducers tested, on the production of specific laccase isoenzyme patterns. Furthermore, expression of POX isoenzymes is regulated at the level of gene transcription, and the three known laccases appear to be regulated differently. The anomalous behavior of POXA1b induction compared with induction of the other isoenzymes was also investigated in this study.
MATERIALS AND METHODS
Organism and culture conditions. The white rot fungus P. ostreatus (Jacq.:Fr.) Kummer (type Florida) was maintained by periodic transfer at 4°C on potato dextrose (2.4%) agar plates (Difco) in the presence of 0.5% yeast extract (Difco).
Preparations were incubated as previously described (16) . Mycelia were grown in liquid basal medium (24 g of potato dextrose broth per liter, 5 g of yeast extract per liter) or in the same medium supplemented with 150 M copper sulfate at the time of inoculation.
The effect of protease inhibitors on laccase activity was determined by adding a mixture containing 1 M antipain, 4.6 M bestatin, 10 M chymostatin, 100 M phenylmethylsulfonyl fluoride, and 2 M E-64 (all obtained from Boehringer) to the basal medium containing 150 M CuSO 4 . These inhibitors were added to the culture broth after 2, 3, and 4 days of incubation. Duplicate cultures were analyzed periodically to determine laccase activity.
All of the experiments were performed at least two times by using two or three replicates for each set of conditions and each time.
Protein purification and enzyme assays. Extracellular laccases produced by P. ostreatus were purified from liquid cultures as previously described (8, 16, 17) .
Laccase activity was determined at 25°C by using the substrate 2,2Ј-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as previously described (16) .
Enzyme activities were expressed in international units. Nondenaturing PAGE. Polyacrylamide gel electrophoresis (PAGE) was performed at an alkaline pH under nondenaturing conditions. The separating and stacking gels contained 9 and 4% acrylamide, respectively. The buffer solution used for the separating gel contained 50 mM Tris-HCl (pH 9.5), and the buffer solution used for the stacking gel contained 18 mM Tris-HCl (pH 7.5). The electrode reservoir solution contained 25 mM Tris and 190 mM glycine (pH 8.4). The gels were stained to visualize laccase activity by using ABTS as the substrate.
Western blotting. Proteins were separated on sodium dodecyl sulfate (SDS)-PAGE gels as described by Laemmli (11) and were electroblotted onto ProBlott polyvinylidene difluoride membranes (Applied Biosystems). Electroblotting was performed in 10 mM 3-(cyclohexylamino)-1-propanesulfonic acid (pH 11)-10% (vol/vol) methanol at 50 V for 180 min at room temperature. The blocking solution contained 5% (wt/vol) dried milk in phosphate-buffered saline supplemented with 0.2% (vol/vol) Triton X-100 (washing buffer). The membrane was washed and incubated with the primary antiserum diluted 1:100 in washing buffer at room temperature for 1 h with continuous shaking. Subsequently, the membrane was washed and incubated as described above with anti-rabbit immunoglobulin G-peroxidase conjugate (Sigma) diluted 1:2,000 in washing buffer. The blots were visualized with a solution containing 100 mM Tris-HCl (pH 7.5), 0.5 mg of 3,3Ј-diaminobenzidine per ml, 0.03% (wt/vol) NiCl 2 , and 0.006% (vol/vol)
Preparation of mycelium crude extract. Total extract from P. ostreatus mycelium was prepared as follows. Lyophilized cells were ground in a mortar with a pestle. The ground material was resuspended in cold extraction buffer [200 mM Tris-HCl (pH 8.0), 400 mM (NH 4 ) 2 SO 4 , 10 mM MgCl 2 , 1 mM EDTA, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 7 mM ␤-mercaptoethanol] and then centrifuged at 4°C for 1 h at 15,000 ϫ g.
Genomic DNA isolation and Southern analysis. P. ostreatus mycelia were harvested on Mira-cloth, washed twice with distilled water, quickly frozen, and stored at Ϫ80°C. High-molecular-weight genomic DNA was isolated from lyophilized mycelia by the method of Raeder and Broda (18) . The genomic DNA was digested with several restriction enzymes as specified by the manufacturer (Promega). Denatured DNA fragments were analyzed by electrophoresis on a 0.8% agarose gel in TAE buffer (40 mM Tris acetate, 10 mM EDTA) by using standard protocols and then were transferred to a Hybond-NX nylon membrane (Amersham). The blots were hybridized under high-stringency conditions at 65°C in 0.5 M phosphate buffer-7% SDS-10 mM EDTA (pH 7.2) and washed at the same temperature; the final wash was performed with 1ϫ SSC-0.1% SDS (1ϫ SSC is 15 mM NaCl plus 1.5 mM sodium citrate, pH 7.0).
Radioactive DNA probes were prepared with [␣-32 P]dATP (Amersham) by random priming with a labeling kit (Amersham).
RNA isolation and Northern analysis. Mycelia were collected by filtration, washed with sterilized distilled water, quickly frozen, and stored at Ϫ80°C. The cells were lyophilized and weighed.
Total RNA was purified by the method of Lucas et al. (13) . The RNA concentration was determined spectrophotometrically, and 30-g portions of total RNA were electrophoresed in a 1% agarose-formaldehyde gel with 20 mM MOPS (morpholinepropanesulfonic acid)-5 mM sodium acetate (pH 7.0)-1 mM EDTA and then blotted onto a Hybond-NX nylon membrane (Amersham) in 10ϫ SSC. Filters were hybridized with appropriately labeled probes as described by Sambrook et al. (21) and washed; the final wash was performed with 0.1ϫ SSC-0.1% SDS at 42°C. The specific activities of the three labeled probes used were comparable, and all analyses were performed with two different RNA preparations. As controls, filters were also hybridized with a 0.65-kb NcoI fragment of the Aspergillus nidulans actin gene, which was kindly provided by Sovan Sarkar, University of Westminster, London, United Kingdom.
Transcripts were quantified by using the actin signal as a loading control and QuantiScan software (Biosoft, Ferguson, Mo.).
RESULTS
Effect of copper on laccase isoenzyme production. Copper has been reported to be a strong laccase inducer in the fungal species Trametes versicolor and Phanerochaete chrysosporium (3, 4) . Previously, we observed a significant increase in laccase activity in copper-supplemented P. ostreatus culture broth and described purification of a new laccase isoenzyme produced under these conditions (POXA1b) (8) . It has also been reported (8) that the increase in activity is proportional to the amount of copper added and that the maximal effect (about 30 U/ml) is obtained at a CuSO 4 concentration of 150 M. Under these conditions a 50-fold increase after 6 days of growth was obtained compared to the maximal activity in the basal medium (3 days of growth). The presence of copper did not affect fungal growth since the biomass dry weights at different times were the same in the presence and in the absence of copper. In this study we examined the effect of copper induction in more detail.
Laccase isoenzymes were separated on native PAGE gels by using purified POXC, POXA2, POXA1b, and POXA1w isoenzymes as standards. Under the conditions used POXA1b and POXA1w had the same electrophoretic mobilities, so these two isoenzymes are indicated as POXA1 in Fig. 1 .
To study production of the different isoenzymes as a function of growth time in the presence or absence of copper, samples containing 0.015 U (Fig. 1A) or 0.04 g of protein (Fig. 1B) collected at different times were analyzed by native PAGE. A remarkable increase in the amount of POXA2 in the presence of copper after prolonged incubation was observed. The effect of copper on POXA1 activity seemed to be greater, and the presence of copper resulted in an anomalous time course. In fact, as shown in Fig. 1 , the POXA1 band was most intense on the second day and then rapidly disappeared. However, the time at which the maximum POXA1 activity occurred varied between the second and third days. It is worth noting that POXA1w production was almost unaffected by the presence of copper and the amount of POXA1w was about 10-fold lower than the amount of POXA1b (8) . For this reason the POXA1 band could be essentially attributed to POXA1b.
In order to relate the time course of POXA1b activity to protein production, a Western blot analysis was performed by using anti-POXA1b antibodies ( Fig. 2A) . It has been shown that anti-POXA1b antibodies give weaker recognition signals for POXC, POXA2, and POXA1w. In fact, POXA1b was not the only protein detected in the samples which we analyzed, as shown in Fig. 2A . On the other hand, a more intense band, corresponding to POXA1b, was visible only in the presence of copper after 2 and 3 days. Therefore, the loss of POXA1b activity coincided with the loss of the protein.
A time course evaluation of the POXC isoenzyme was unreliable under the native PAGE conditions used to detect all of the other isoenzymes since the POXC results were overloaded. However, the increase in POXC production after copper was added is clearly shown in Fig. 1B ; in this experiment samples containing equal amounts of proteins collected at different times were used. It is also evident that there was a decrease in the amount of POXC during fungal growth in the basal medium and that there was an opposite effect in the presence of copper.
The Western blot analysis performed with POXC antibodies (Fig. 2B) revealed that there was an increase in POXC production in the presence of copper, which confirmed the inductive effect of this metal.
Effect of copper on laccase gene transcription. In order to analyze and differentiate the effects of copper on transcription of the different laccase isoenzymes, poxc, pox1, and poxa1b cDNAs were used to detect transcripts of the corresponding genes. Since the level of identity between poxc and pox1 cDNAs is high (83%), Southern blot analyses were performed under very stringent conditions in order to verify the specificity of these probes. Different patterns of bands were obtained for each gene (data not shown), which allowed us to use the cDNAs as selective probes. The results of Northern blot experiments are shown in Fig. 3 , which also shows the results of a quantitative analysis of the intensity of each band. Similar results were obtained with RNA preparations from different P. ostreatus cultures. In all cases the actin gene of A. nidulans was used as a loading control. In cultures grown in the absence of copper, detectable amounts of poxc and poxa1b mRNA were present only in cells collected after 3 days of growth. Strong transcriptional induction was observed in the copper-supplemented cultures for poxa1b and poxc genes. poxa1b mRNA was the most abundant transcript at all of the times analyzed, while pox1 mRNA was barely detectable even under inducing conditions. The time courses of the three transcripts seemed to be similar; in all cases the amounts of mRNA decreased after 2 days and there were increases from the third day on (Fig. 3) .
Localization of POXA1b activity. The intracellular laccase activity of mycelia grown in the presence of copper was quan- tified and compared to the extracellular activity, and native PAGE profiles of both intra-and extracellular isoenzymes were also analyzed (Fig. 4) . As Fig. 4 shows, the relative activity of POXA1b compared to the other isoenzymes was higher in the cellular extract than in the culture broth even after prolonged growth. The presence of a larger amount of POXA1b in the cellular extract than in the culture broth was also confirmed by a Western blot analysis (data not shown), in which the time course of extracellular POXA1b activity was similar to that shown in Fig. 2A .
Effect of protease inhibitors. In order to verify that the loss of extracellular POXA1b after 2 or 3 days of growth was due to degradation by secreted proteases, copper-amended fungal cultures were grown in the presence and in the absence of protease inhibitors. If the protease inhibitor cocktail was added after 2, 3, or 4 days of growth, a 1.5-fold increase in total laccase activity was observed and the native PAGE band corresponding to POXA1b persisted at least until day 5 (Fig. 5) . Moreover, a 7-day filtered broth preparation (100 l) was incubated with 0.2 U of purified POXA1b in the presence or in the absence of the inhibitor cocktail, and native PAGE was performed after 2 days of incubation (Fig. 6) . The results obtained unambiguously demonstrated that the loss of POXA1b was due to the action of extracellular proteases. On the other hand, no decrease in POXA1b activity was observed if a 2-day filtered broth preparation was used under the same incubation conditions. These data also suggest that the inhibitor cocktail had no effect on fungal growth and/or on the secretion mechanism.
DISCUSSION
Laccases are produced as a number of isoenzymes that are encoded by gene families in several fungal species. Many different genes that encode laccase isoenzymes in ligninolytic fungi (14, 22, (25) (26) (27) , including P. ostreatus (6) (7) (8) , have been cloned and sequenced, but little work has been done to study the regulation of laccase gene expression. In this study we investigated the effect of copper on laccase production in P. ostreatus and analyzed the effect of copper on transcription and translation of some laccase isoenzymes.
Other potential inducers that were tested (MnSO 4 , FeCl 3 , ZnSO 4 , veratryl alcohol, veratraldehyde, vanillic acid, ferulic acid) did not have a significant effect on total laccase activity but produced different laccase isoenzyme patterns (data not shown). The greatest increase in laccase activity was obtained in the copper-supplemented culture, and production of the three known isoenzymes (POXA1b, POXA2, and POXC) was strongly increased under these conditions.
Northern blot analyses clearly revealed that copper had a marked effect on induction of poxa1b and poxc gene transcription, while the effect on pox1 (which encodes an unidentified laccase) was smaller. Moreover, the POXA1b transcript was the most abundant transcript in the copper-supplemented cultures at all of the times analyzed, although the amount of POXA1b protein produced was significantly less than the amount of POXC protein produced, as shown by the Western blot analysis. The difference between the amounts of POXA1b and POXC revealed by this analysis was less than the difference observed in a zymogram because the specific activity of POXC (about 4,000 U/mg) was greater than the specific activity of POXA1b (about 2,000 U/mg) with the substrate used (ABTS).
Furthermore, the POXA1b isoenzyme exhibited a peculiar time course; in fact, no extracellular POXA1b activity was detected after 3 days. The Western blot analysis also revealed that there was a significant decrease in the concentration of this isoenzyme, which is consistent with the decrease in activity. This behavior is even more unusual considering that the amount of the POXA1b transcript continued to increase after the third day. An analysis of the cellular extract compared to the secreted proteins, performed by native PAGE and Western blotting, revealed that POXA1b was only partially secreted. Therefore, the presence of poxa1b mRNA was justified by the presence of the protein both in the cellular extract and in extracellular broth. Further investigation is needed to determine if the fungal secretion mechanism for POXA1b is inefficient or the physiological activity of this isoenzyme occurs inside the cell or on the cell wall. It is worth recalling that the signal peptide of POXA1b satisfies the criteria for a minimal signal sequence (8) .
The loss of POXA1b from the culture broth could have been due to the action of proteases in the copper-containing culture medium that specifically affected this isoenzyme. In fact, addition of protease inhibitors to the culture broth resulted in an increase in the POXA1b activity that was observed until day 5. Furthermore, it has been demonstrated that proteases present in culture broth (after 7 days of growth) are able to degrade purified POXA1b. The specificity and physiological role of these proteases are under investigation.
Several metal responsive element consensus sequences (23) have been identified in promoter regions of the three pox genes (8) . These putative metal responsive element sequences are similar to the sequences found in the promoters of metallothionein genes (10), whose expression is induced by a range of heavy metals; a metal-regulatory protein acts both as a metal receptor and as a trans-acting transcription factor. All three laccase transcripts had similar time courses in the presence of copper. Northern blot analyses revealed that the maximum amounts of transcripts were present on the second day of fungal growth and that there was a subsequent increase from the third day on. This peculiar behavior could have been due to a direct effect of copper induction during the early phase of fungal growth. Free copper ions, as well as the production of a toxic compound, could result in oxidative stress at an advanced stage of fungal growth and could be responsible for late transcriptional induction (5) .
